Salmonella typhimurium engineered to deliver cancer/testis antigen NY-ESO-1 through type III secretion (S typhimurium-NY-ESO-1) was shown to be an efficient cancer vaccine construct in mice and to stimulate NY-ESO-1-specific CD8 ؉ /CD4 ؉ T cells in vitro in patients with cancer with NY-ESO-1 spontaneous immunity. We also showed that individuals without spontaneous immunity to NY-ESO-1 had specific CD4 ؉ T-cell precursors with high avidity to NY-ESO-1 under tight control by CD4 ؉ CD25 ؉ regulatory T (Treg) cells. We 
Introduction
Naturally occurring CD4 ϩ CD25 ϩ regulatory T (Treg) cells play an essential role in maintaining immunologic balance and preventing the development of autoimmunity. [1] [2] [3] [4] Accumulating evidence shows that Treg cell populations are also crucial for controlling antitumor immune responses. In mice, depletion of Treg cell populations enhances spontaneous and vaccine-induced antitumor T-cell responses [5] [6] [7] [8] and stimulation of CD4 ϩ CD25 ϩ Treg cells by immunization with self-antigens enhances the development of chemically induced primary tumors 9 and of pulmonary metastases following injection of transplantable tumor cells. 10 In humans, the presence of high numbers of CD4 ϩ CD25 ϩ Treg cells or a high ratio of CD4 ϩ CD25 ϩ Treg cells to CD8 ϩ T cells at the local tumor site is correlated with unfavorable prognosis. 11, 12 From these results, it is becoming an important priority to find strategies for controlling Treg cells in the cancer vaccine field.
NY-ESO-1, a germ-cell protein, was originally found by SEREX (serological identification of antigens by recombinant expression cloning) using the serum of an esophageal cancer patient. [13] [14] [15] Its expression pattern and the frequent finding of humoral and cellular immune responses against this antigen in patients with cancer with NY-ESO-1-expressing tumors make NY-ESO-1 one of the most intriguing cancer vaccine targets. [14] [15] [16] [17] In monitoring a large series of patients with cancer, humoral responses to NY-ESO-1 were found to be correlated with the presence of peripheral CD8 ϩ T cells against NY-ESO-1, suggesting the involvement of CD4 ϩ helper T (Th) cells in coordinating these responses. [15] [16] [17] [18] It was indeed confirmed that effector CD4 ϩ Th cell responses to NY-ESO-1 were only observed in patients with cancer who had antibodies against NY-ESO-1. 15, 18 However, it has recently been shown that NY-ESO-1-specific CD4 ϩ T-cell precursors are also present in patients with NY-ESO-1-expressing tumors but without NY-ESO-1-specific antibody as well as in healthy individuals, and that CD4 ϩ CD25 ϩ Treg cells play a critical role in keeping these NY-ESO-1-specific precursors under control. 15, [19] [20] [21] The preexisting NY-ESO-1-specific CD4 ϩ T-cell precursors of seronegative and healthy individuals are exclusively from a naive (CD4 ϩ CD25 Ϫ CD45RA ϩ ) repertoire with high avidity to antigen and are highly sensitive to Treg cells, while spontaneously induced NY-ESO-1-specific CD4 ϩ T cells of seropositive patients are derived from an effector/memory (CD4 ϩ CD25 Ϫ CD45RO ϩ ) repertoire with high avidity to antigen but low sensitivity to Treg cells. 15, 20, 21 Vaccinating patients with epithelial ovarian cancer with HLA-DPB1*0401/0402-restricted NY-ESO-1 157-170 peptide in the presence of incomplete Freund adjuvant results in the induction of NY-ESO-1-specific CD4 ϩ T cells derived from an effector/memory (CD4 ϩ CD25 -CD45RO ϩ ) repertoire with only low avidity to antigen and low sensitivity to Treg cells. 15, 21 These peptide vaccineinduced NY-ESO-1-specific T cells do not recognize naturally processed NY-ESO-1, while high-avidity naive NY-ESO-1-specific T-cell precursors are still present in peripheral blood but subject to continuous CD4 ϩ CD25 ϩ Treg cell suppression throughout vaccination. 15, 21 Thus, a strategy to break ongoing suppression on preexisting high-avidity naive T-cell precursors is a critical element for an effective vaccine.
Recently, potential strategies including recombinant interleukin-2 (IL-2) diphtheria toxin conjugate DAB 389 IL-2 (targeting CD25, known as denileukin diftitax) and chemotherapy were exploited for eliminating CD4 ϩ CD25 ϩ Treg cell populations in cancer vaccine therapies. [22] [23] [24] [25] Although the effect of Treg cell depletion remains to be determined in patients with cancer, a recent report showed an enhancement of vaccine-mediated antitumor immunity. 24 However, an inherent risk to such systemic approaches is the emergence of potential autoimmunity. Glucocorticoid-induced TNF receptor (GITR) was originally reported as a molecule with direct functional relevance with regard to CD4 ϩ CD25 ϩ Treg cells, and stimulation of GITR on Treg cells abrogates their suppressive activity. 26 A recent GITR knockout mouse study has revealed that the reversal of Treg cell suppression by GITR signaling is attributable to the costimulatory activity of agonistic anti-GITR antibody on the responder CD4 ϩ CD25 Ϫ T cells rather than a direct effect on Treg cells. 27, 28 Recently, a number of studies shed new light on recognition of pathogen-associated molecular patterns through Toll-like receptors (TLRs) to break the suppressive environment present at the tumor local site. [29] [30] [31] [32] [33] [34] TLR signals are not only able to block the suppressive activity of CD4 ϩ CD25 ϩ Treg cells, but are also able to break CD8 tolerance even in the presence of CD4 ϩ CD25 ϩ Treg cells. [29] [30] [31] [32] [33] Based on this evidence, viral and bacterial vectors that are able to stimulate TLR signaling are attracting much attention. We have recently reported that an avirulent recombinant strain of Salmonella typhimurium endowed with the capacity to deliver NY-ESO-1 (S typhimurium-NY-ESO-1) through its type III secretion system efficiently elicits NY-ESO-1-specific CD8 ϩ and CD4 ϩ T-cell responses in vitro from blood of patients with cancer with spontaneous immunity, while immunization with this construct in mice results in the regression of pre-established NY-ESO-1-expressing tumors. 35, 36 In this report, we focused on the capacity of S typhimurium to overcome the suppressive activity of CD4 ϩ CD25 ϩ Treg cells. S typhimurium was able to elicit high-avidity NY-ESO-1-specific CD4 ϩ T-cell responses from naive T-cell precursors in the presence of CD4 ϩ CD25 ϩ Treg cells in healthy individuals and in patients with NY-ESO-1-expressing tumors but seronegative for NY-ESO-1. IL-6 and GITR signaling synergistically worked to break the suppressive activity of CD4 ϩ CD25 ϩ Treg cells. Furthermore, S typhimurium-induced CD4 ϩ Th1 cells expressed GITR and were resistant to suppression by CD4 ϩ CD25 ϩ Treg cells, and this resistance was abrogated by blocking GITR signaling.
Methods

Donor samples
All healthy donors had no history of autoimmune disease. All patients had NY-ESO-1-expressing melanoma except NW1060 with sarcoma. The HLA typing of healthy donors and patients (except NC235, who is HLA-DPB1*0401) was described previously. 20 All samples were collected as part of a study approved by the Ethics Committee of Landesärztekammer Hessen (Frankfurt, Germany). Informed consent was obtained in accordance with the Declaration of Helsinki.
Reagents
Synthetic peptides NY-ESO-1 87-98 (LLEFYLAMPFAT), NY-ESO-1 121-132 (VLLKEFTVSGNI), NY-ESO-1 143-154 (RQLQLSISSCLQ), NY-ESO-1 157-170 (SLLMWITQCFLPVF), and HIV P17 [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] (ASRELERFAVN-PGLL) were obtained from Bio-Synthesis (Lewisville, TX). 20 Recombinant full-length NY-ESO-1 or SSX-2 proteins were prepared using procedures described previously. 37 Anti-IL-4 (MP4-25D2, rat IgG1), anti-IL-6 (MQ2-13A5, rat IgG1), anti-IL-12 (C8.6, mouse IgG1), anti-IFN-␥ (NIB42; mouse IgG1), anti-TNF-␣ (MAb1; mouse IgG1), and phycoerythrin (PE)-conjugated anti-CD62L (DREG-56; mouse IgG1) antibodies were purchased from eBioscience (San Diego, CA). Blocking anti-GITRL (109101; mouse IgG1) monoclonal antibody and recombinant IL-6 were purchased from R&D Systems (Minneapolis, MN). PE-conjugated anti-GITRL (EB11-2; mouse IgG1) mAb was purchased from BioLegend (San Diego, CA). PE-conjugated anti-CD25 (M-A251; mouse IgG1), anti-CD44 (515; mouse IgG1), anti-CD154 (TRAP1; mouse IgG1), and anti-CD45RO (UCHL1; mouse IgG2a) antibodies were purchased from BD Biosciences (Franklin Lakes, NJ). Purified anti-CD3 mAb (UCHT1; mouse IgG1) was purchased from BD Biosciences. A plasmid encoding human GITRL was purchased from Invitrogen (Carlsbad, CA). GITRL cDNA was subcloned into pFUSE-Fc, a mammalian expression vector for Fc-fusion protein (Invivogen, San Diego, CA). This plasmid was transfected into COS-7 cells to produce recombinant GITRL-Fc protein in culture supernatant. Then, secreted GITRL-Fc protein was collected and purified with protein A beads according to the manufacturer's protocol (Pierce, Rockford, IL).
S typhimurium infection
The S typhimurium ⌬phoP-phoQ strain recombinant for NY-ESO-1 and control strains have been described previously. 35, 36 S typhimurium was grown as described previously. 35, 36 Target cells were infected with the different S typhimurium strains for 1 hour at 37°C with at a multiplicity of infection (MOI) of 40. Extracellular bacteria were killed by transferring the target cells to RPMI 1640 medium containing 100 g/mL gentamicin (Sigma-Aldrich, St Louis, MO) and incubating at 37°C for 1 hour. 36 Infected cells were subsequently used as antigen-presenting cells (APCs).
Generation of NY-ESO-1-specific CD4 ؉ T cells
NY-ESO-1-specific CD4 ϩ T cells were elicited as described previously. 20 Briefly, CD4 ϩ T cells and CD4 ϩ CD25 Ϫ T cells were isolated from peripheral blood mononuclear cells (PBMCs) using the CD4 ϩ CD25 ϩ Regulatory T Cell Isolation Kit (Miltenyi Biotec, Auburn, CA). In some experiments, CD4 ϩ CD25 Ϫ T cells were further separated into CD45RO-depleted T cells (CD4 ϩ CD25 Ϫ CD45RA ϩ T cells) or CD45RA-depleted T cells (CD4 ϩ CD25 Ϫ CD45RO ϩ T cells) using CD45RO Microbeads or CD45RA Microbeads (Miltenyi Biotec), respectively. 20 The purity of selected populations was confirmed to be greater than 96%. 20 Non-CD4 ϩ cells retained in the magnetic-activated cell sorter (MACS) separation column were flushed out and were used to prepare APCs. These non-CD4 ϩ cells were allowed to adhere to tissue culture plates (Corning Glass, Corning, NY) for 2 hours, and nonadherent cells were removed by washing. The adherent cells pulsed with 10 M of 1 or 2 peptides overnight or infected with S typhimurium were used as APCs. After irradiation, 5 ϫ 10 5 APC were added to round-bottom 96-well plates (Corning) containing 1 to 5 ϫ 10 5 unfractionated CD4 ϩ , CD4 ϩ CD25 Ϫ , CD4 ϩ CD25 Ϫ CD45RO ϩ , or CD4 ϩ CD25 Ϫ CD45RA ϩ T cells and were fed with 10 U/mL IL-2 (Roche Molecular Biochemicals, Indianapolis, IN). Subsequently, one-half of medium was replaced by fresh medium containing IL-2 (20 U/mL) twice per week.
ELISPOT assay
The number of IFN-␥-secreting antigen-specific CD4 ϩ T cells was assessed by enzyme-linked immunospot (ELISPOT) assays as described previously. 18, 20, 38 Briefly, flat-bottomed, 96-well nitrocellulose-coated microtiter plates (Millipore, Bedford, MA) were coated with anti-IFN-␥ antibody (1-D1K; MABTECH, Stockholm, Sweden). The presensitized T cells and phytohaemagglutinin (PHA HA15; Murex Diagnostics, Dartford, United Kingdom)-activated CD4 ϩ T cells, 38 or dendritic cells (DCs) pulsed with 10 M or indicated amount of peptides, or 25 g/mL protein overnight were added to each well and incubated for 24 hours. Spots were developed using biotinylated anti-IFN-␥ antibody (7-B6-1-biotin; MABTECH), alkaline phosphatase-conjugated streptavidin (Roche Diagnostics, Mannheim, Germany), and 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (Sigma-Aldrich) and counted with C. T. L. Immunospot analyzer and software (Cellular Technologies, Cleveland, OH).
Preparation of monocyte-derived DCs
Monocyte-derived DCs were generated from PBMCs as described previously. 21, 39 Briefly, CD14 ϩ monocytes were enriched by positive selection using CD14 Microbeads (Miltenyi Biotec) according to the manufacturer's instruction. Monocytes were cultured in the presence of 1000 U/mL GM-CSF (Immunex, Thousand Oaks, CA) and 20 ng/mL IL-4 (R&D Systems) in X-VIVO-15 serum-free medium (CAMBREX, Walkersville, MD). Medium was replaced by fresh medium containing cytokines 3 days later. On day 6, DCs were harvested and pulsed overnight with 10 M peptide or 25 g/mL protein.
CFSE labeling
Presensitized CD4 ϩ T cells were labeled for 7 minutes at 37°C with 1 M CFSE (Molecular Probes, Eugene, OR) and were washed 3 times with RPMI 1640 containing 10% fetal bovine serum. CFSE-labeled CD4 ϩ T cells were cultured with irradiated CD3-depleted PBMCs pulsed with 10 M peptide for 6 days. CFSE-labeled cells were analyzed for fluorescence intensity using a flow cytometer (FACSCalibur; BD Biosciences).
Proliferation assay
A total of 5 ϫ 10 4 presensitized T cells were cultured in the presence or absence of 5 ϫ 10 4 Treg cells with 5 ϫ 10 4 irradiated CD3-depleted PBMCs pulsed with 10 M of peptides. CD4 ϩ T cells were enriched from PBMCs by negative selection using the CD4 ϩ Isolation Kit (Miltenyi Biotec), followed by flow cytometric sorting of CD4 ϩ CD25 high T cells (FACSAria; BD Biosciences). These CD4 ϩ CD25 high cells were stimulated with 1 g/mL anti-CD3 mAb-coated plates for 3 days with 10 U/mL IL-2 and used as Treg cells. Proliferation was evaluated by pulsing cells with 0.037 MBq/well (1 Ci/well) 3 H thymidine for the last 18 hours of a 72-hour culture. 3 H thymidine incorporation was measured by a scintillation counter.
Statistical analysis
Statistical analyses were performed with the Student paired t test. P values less than .05 were considered significant.
Results
NY-ESO-1-specific CD4 ؉ T cells are elicited by S typhimurium-NY-ESO-1 without CD4 ؉ CD25 ؉ T-cell depletion
CD4 ϩ T cells and CD4 ϩ CD25 Ϫ T cells were isolated from PBMCs and were cultured with APCs pulsed with a series of HLA class II-restricted NY-ESO-1 peptides or infected with S typhimurium-NY-ESO-1, a S typhimurium ⌬phoP ⌬phoQ avirulent strain carrying a plasmid that expresses a chimeric protein composed of the first 104 amino acids of the type III secreted protein SopE fused to reporter epitopes and the entire amino acid sequence of the NY-ESO-1 tumor antigen, or with a S typhimurium control strain carrying an equivalent plasmid that expresses only the first 104 amino acids of the type III secreted protein SopE and reporter epitopes but not NY-ESO-1, as reported previously. 20, 36 At 15 to 20 days later, peptide-specific interferon (IFN)-␥-secreting CD4 ϩ Th1 cell induction was analyzed by ELISPOT and proliferation assays. In accordance with our previous reports using NY-ESO-1 peptide-pulsed APCs, 20, 21 specific Th1 cells were elicited in a proportion of healthy donors and patients with cancer seronegative for NY-ESO-1, but only after CD4 ϩ CD25 ϩ T-cell depletion ( Figure  1 ; Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). In contrast, when using APCs infected with S typhimurium-NY-ESO-1, specific Th1 cells were elicited from whole CD4 ϩ T cells without the need for CD4 ϩ CD25 ϩ T-cell depletion (Figures 1 and S1 ). This specific T-cell induction was dependent on NY-ESO-1 antigen delivery by S typhimurium because the S typhimurium control strain was not able to induce NY-ESO-1 peptide-specific CD4 ϩ Th1 cells ( Figures  1, S1 ). Interestingly, S typhimurium-NY-ESO-1 only elicited Th1 responses in healthy donors and patients for whom Th1 cells were also elicited by peptide-pulsed APCs following CD4 ϩ CD25 ϩ T-cell depletion, namely having NY-ESO-1-specific CD4 ϩ T-cell precursors (Figures 1, S1 ). Because of limitations in sample amounts, we selected 2 typical donors, NC235 and NW681, for further studies with healthy donors and patients with NY-ESO-1-expressing tumors but seronegative for NY-ESO-1, respectively. Our previous data have suggested that synthetic peptide vaccination induces CD4 ϩ T cells with lower avidity than preexisting NY-ESO-1-specific CD4 ϩ T-cell precursors and spontaneously induced CD4 ϩ T cells. 15, 20, 21 For this reason, it is interesting to investigate the avidity of CD4 ϩ T cells induced by S typhimurium. First, we assessed whether S typhimurium-induced NY-ESO-1-specific CD4 ϩ Th1 cells were able to recognize naturally processed NY-ESO-1 protein. Whole CD4 ϩ T cells derived from healthy donor NC235 and melanoma patient NW681 were presensitized with S typhimurium-infected APCs and analyzed for their capacity to recognize naturally processed antigen by ELISPOT assay using protein-pulsed autologous DCs as APCs. As positive control, we confirmed that NY-ESO-1-specific CD4 ϩ Th1 cells derived from CD4 ϩ CD25 Ϫ T cells and presensitized with APCs pulsed with NY-ESO-1 peptides had high avidity and were able to recognize NY-ESO-1 protein-pulsed DCs (Figure 2) , as previously reported. 21 Remarkably, NY-ESO-1-specific CD4 ϩ Th1 cells induced by S typhimurium-NY-ESO-1 from whole CD4 ϩ T cells, without the need for CD4 ϩ CD25 ϩ T-cell depletion, were similarly able to recognize both NY-ESO-1 peptide-pulsed and protein-pulsed DCs ( Figure 2A) . Next, specific IFN-␥ secretion by these cells was analyzed against PHA-activated CD4 ϩ T cells (T-APCs) pulsed with serial dilutions of peptides by ELISPOT assay. S typhimuriuminduced Th1 cells derived from whole CD4 ϩ T cells and peptideinduced Th1 cells derived from CD4 ϩ CD25 Ϫ T cells were both high avidity, and could recognize as little as 0.1 M of peptide ( Figure 2B ).
S typhimurium-NY-ESO-1 activates high-avidity NY-ESO-1-specific CD4 ؉ T-cell precursors from the naive T-cell population
We have reported that high-avidity NY-ESO-1-specific CD4 ϩ T-cell precursors are present in naive CD45RA ϩ populations, and that their activation is highly suppressed by CD4 ϩ CD25 ϩ Treg cells. 15, 20, 21 We investigated whether S typhimurium also would elicit NY-ESO-1-specific CD4 ϩ Th1 cells by activating highavidity NY-ESO-1-specific CD4 ϩ T-cell precursors from CD45RA ϩ populations. CD4 ϩ CD25 Ϫ T cells were further separated into naive and effector/memory populations according to typical surfacemarker molecules CD45RA and CD45RO, respectively. 20 NY-ESO-1-specific Th1 cells were exclusively elicited by S typhimurium-NY-ESO-1 from CD4 ϩ CD25 Ϫ CD45RA ϩ naive precursors, but not from CD4 ϩ CD25 Ϫ CD45RO ϩ memory populations of NC235 and NW681. Similar results were obtained in experiments using separated naive and memory populations from whole CD4 ϩ T cells, without depletion of CD25 ϩ T cells (data not shown). These NY-ESO-1-specific CD4 ϩ Th1 cells were able to recognize naturally processed protein antigen. They also had high avidity and could recognize as little as 0.1 M of peptide, similar to peptideinduced Th1 cells derived from CD4 ϩ CD25 Ϫ T cells (Figure 3) .
Taken together, these data suggest that S typhimurium-NY-ESO-1 is able to elicit NY-ESO-1-specific high-avidity CD4 ϩ Th1 cells in the presence of CD4 ϩ CD25 ϩ Treg cells from NY-ESO-1-specific preexisting naive CD4 ϩ T-cell precursors.
IL-6 induced by infection of S typhimurium is required to elicit NY-ESO-1-specific CD4 ؉ Th1 cells
We next asked whether the infection signal of S typhimurium was required to elicit NY-ESO-1-specific CD4 ϩ Th1 cells in the presence of CD4 ϩ CD25 ϩ Treg cells. To address this question, APCs infected with a S typhimurium control strain identical to S typhimurium-NY-ESO-1 but lacking expression of the NY-ESO-1 protein were pulsed with NY-ESO-1 peptide and used to stimulate whole CD4 ϩ T cells. As shown in Figure 4A , NY-ESO-1-specific CD4 ϩ Th1 cells were elicited by combining S typhimurium control strain infection and NY-ESO-1 peptide pulse. In contrast, S typhimurium control strain alone was not able to elicit NY-ESO-1-specific CD4 ϩ Th1 cells.
Since the signal provided by S typhimurium infection is sufficient to bypass CD4 ϩ CD25 ϩ Treg cell suppression and uncover NY-ESO-1-specific Th1 cell precursors, we explored the requirement of several cytokines that could be produced by S typhimurium infection in this process using monoclonal antibody blocking. Among cytokines examined, only blocking of IL-6 partially inhibited the elicitation of NY-ESO-1-specific Th1 cells Figure 4A ; NC235, P Ͻ .01; NW681, P ϭ .06). However, IL-6 signaling alone was not sufficient to bypass Treg cell suppression, since no NY-ESO-1 peptide-specific Th1 cells could be detected from whole CD4 ϩ T cells by peptide-pulsed APCs in the presence of recombinant IL-6 ( Figure 4B ). These data suggest that other mechanism(s) also contribute to the Treg cell counteracting capacity of S typhimurium.
REGULATORY T CELL-RESISTANT HELPER CD4
ϩ T CELLS 1407 BLOOD, 1 FEBRUARY 2008 ⅐ VOLUME 111, NUMBER 3 For personal use only. on August 30, 2017. by guest www.bloodjournal.org From (
GITR signal is also required for induction of NY-ESO-1-specific CD4 ؉ Th1 cells by S typhimurium
Recently, it has been reported that GITR signaling is important to overcome suppression of CD4 ϩ CD25 ϩ Treg cells and that GITR ligand (GITRL) cell-surface expression is up-regulated after viral infection. 27, 40 We first examined the kinetics of GITRL expression following S typhimurium infection. As shown in Figure 4C , the expression level of GITRL on APCs used for presensitization was up-regulated after S typhimurium infection. The expression was the highest after 12 hours and decreased thereafter to lower levels than the basal expression. As predicted, blocking the GITR signal using anti-GITRL antibody partially inhibited the elicitation of NY-ESO-1-specific CD4 ϩ Th1 cells ( Figure 4A ; NC235, P Ͻ .01; NW681, P ϭ .06). Furthermore, the presence of both anti-GITRL and anti-IL-6 blocking antibodies completely inhibited the elicitation of NY-ESO-1-specific CD4 ϩ Th1 cells by S typhimurium ( Figure  4A ; NC235, P Ͻ .01; NW681, P Ͻ .05). Alternatively, providing exogenous GITR signaling with a fusion GITRL-Fc protein was able to partially overcome Treg cell suppression, since NY-ESO-1 peptide-specific CD4 ϩ Th1 cells were elicited from whole CD4 ϩ T cells by peptide-pulsed APCs in the presence of GITRL-Fc ( Figure 4B ). Induction of NY-ESO-1 peptide-specific CD4 ϩ Th1 cells from whole CD4 ϩ T cells by peptide-pulsed APCs was further enhanced in the presence of both GITRL-Fc and IL-6. These data suggest that IL-6 and GITR signals act independently and synergistically to overcome the suppression of CD4 ϩ CD25 ϩ Treg cells. We next examined potential differences between CD4 ϩ Th1 cells induced by NY-ESO-1 peptide after CD4 ϩ CD25 ϩ T-cell depletion and S typhimurium-induced CD4 ϩ Th1 cells. To minimize differences in the procedures and avoid potential influence of CD4 ϩ CD25 ϩ Treg cells on the phenotype of responder cells, both peptide-induced CD4 ϩ Th1 cells and S typhimurium-induced CD4 ϩ Th1 cells were generated from CD4 ϩ CD25 Ϫ T-cell populations. To identify NY-ESO-1-specific CD4 ϩ T cells, presensitized CD4 ϩ T cells were labeled with CFSE and restimulated with NY-ESO-1 or control peptides. Cells showing CFSE dilution were considered to contain NY-ESO-1-specific CD4 ϩ T cells and were gated. Among surface activation markers tested, only GITR expression was higher on S typhimurium-induced CD4 ϩ Th1 cells than on peptideinduced CD4 ϩ Th1 cells, while other surface activation markers were similarly expressed on specific Th1 cells by both induction methods ( Figure 5A ). This up-regulation of GITR expression was also observed when S typhimurium-induced CD4 ϩ Th1 cells were elicited from whole CD4 ϩ T cells (data not shown).
The capacity of S typhimurium-NY-ESO-1 to elicit NY-ESO-1-specific high-avidity CD4 ϩ Th1 cells in the presence of CD4 ϩ CD25 ϩ Treg cells prompted us to examine whether S typhimurium-induced CD4 ϩ Th1 cells were resistant to CD4 ϩ CD25 ϩ Treg cells. To maintain antigen specificity of CD4 ϩ Th1 cells, we avoided using anti-CD3 antibody for in vitro CD4 ϩ CD25 ϩ Treg cell activation during the coculture with effector cells. Rather, CD4 ϩ CD25 ϩ Treg cells were isolated from PBMCs and preactivated with anti-CD3 antibody-coated plates for 3 days. Then, CD4 ϩ CD25 Ϫ or CD4 ϩ T cells presensitized with peptide or S typhimurium-NY-ESO-1, respectively, were cocultured with T-cell-depleted PBMCs pulsed with NY-ESO-1 peptides in the presence or absence of preactivated Treg cells. These Treg cells showed suppressive activity against NY-ESO-1-specific proliferation of peptide-induced Th1 cells ( Figure 5B ). In contrast, S typhimurium-induced CD4 ϩ Th1 cells were able to proliferate in the presence of preactivated Treg cells (Figure 5B ), thus displaying relative resistance to Treg cells. Since expression levels of GITR significantly differed between NY-ESO-1 peptide-induced and S typhimurium-induced CD4 ϩ Th1, the effect of blocking GITR signaling was assessed by anti-GITRL antibody (antagonistic anti-GITR blocking reagents are not yet available). As shown in Figure 5B , the treatment completely abrogated the resistance to CD4 ϩ CD25 ϩ Treg cells of S typhimurium-induced CD4 ϩ Th1 cells (NC235, P Ͻ .01; NW681; P ϭ .01).
Discussion
We have recently engineered a recombinant S typhimurium-NY-ESO-1 strain that uses a specialized type III protein secretion system to inject bacterially produced NY-ESO-1 protein into host cells. 36 This strain could elicit NY-ESO-1-specific CD8 ϩ and CD4 ϩ T-cell responses in vitro in patients with cancer with NY-ESO-1 spontaneous immunity and eradicate NY-ESO-1-expressing tumors in vivo in mice. 36 In the current study, we examined the capacity of this construct to influence the suppressive activity of CD4 ϩ CD25 ϩ Treg cells and elicit NY-ESO-1-specific CD4 ϩ Th1 cells resistant to Treg cell suppression. We found that S typhimurium-NY-ESO-1 could elicit NY-ESO-1-specific CD4 ϩ Th1 cells in vitro in healthy donors as well as in patients with melanoma with NY-ESO-1-expressing tumors but without spontaneous NY-ESO-1 immunity. Stimulation with S typhimurium-NY-ESO-1 was able to elicit NY-ESO-1-specific CD4 ϩ Th1 cells in these patients in the presence of CD4 ϩ CD25 ϩ Treg cells, while peptide stimulation required prior depletion of CD4 ϩ CD25 ϩ Treg For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From cells to do so (Figures 1 and S1 ). Furthermore, S typhimurium-NY-ESO-1 elicited NY-ESO-1-specific CD4 ϩ Th1 cells from highavidity NY-ESO-1-specific naive CD4 ϩ T-cell precursors ( Figures  2,3) , which are normally kept under CD4 ϩ CD25 ϩ Treg cell tight control. 21 As a result, S typhimurium-induced NY-ESO-1-specific CD4 ϩ Th1 cells had high avidity and recognized naturally processed protein antigen as efficiently as CD4 ϩ Th1 cells elicited from patients with NY-ESO-1 spontaneous immunity. These data suggest that S typhimurium-NY-ESO-1 can elicit NY-ESO-1-specific CD4 ϩ Th1 cells by inhibiting or resisting the suppressive activity of CD4 ϩ CD25 ϩ Treg cells. These S typhimurium-induced NY-ESO-1-specific CD4 ϩ Th1 cells could therefore be closer to CD4 ϩ Th1 readily observed in patients with NY-ESO-1 spontaneous immunity, where they may contribute to B-cell activation for establishing specific antibody and help CD8 ϩ T-cell induction. 15, 18 Our data also showed that induction of NY-ESO-1-specific CD4 ϩ Th1 cells by S typhimurium-NY-ESO-1 was strictly limited to patients with cancer and healthy donors with high-avidity NY-ESO-1-specific naive CD4 ϩ T-cell precursors (Figures 1,S1 ). These data suggest that we may predict which individuals are better responders to vaccination with S typhimurium-NY-ESO-1 and elicit NY-ESO-1-specific CD4 ϩ T cells, using in vitro assays to examine the presence of high-avidity NY-ESO-1-specific naive CD4 ϩ T-cell precursors.
The capacity of S typhimurium to overcome the suppressive activity of CD4 ϩ CD25 ϩ Treg cells was dependent on IL-6 but not on other inflammatory cytokines tested ( Figure 4A ). IL-6, a proinflammatory cytokine that plays an important role in host defense against infections, is also considered to have an important role for the inhibition of CD4 ϩ CD25 ϩ Treg cells. 30, 41 IL-6 secretion from APCs following bacterial infection, including S typhimurium infection, is considered to be the consequence of TLR stimulation by pathogen-associated molecules such as lipopolysaccharide. 29, 42 Our results are in accordance with a previous report showing that IL-6 is critical for overcoming suppression of CD4 ϩ CD25 ϩ Treg cells via TLR signaling. 30 However, other mechanisms were also predicted from our data to be involved in the capacity of S typhimurium to control Treg suppression, since (1) blocking by anti-IL-6 antibody only had a partial effect ( Figure 4A ), and (2) addition of recombinant IL-6 alone was not sufficient to elicit NY-ESO-1 peptide-specific CD4 ϩ Th1 cells in the presence of CD4 ϩ CD25 ϩ Treg cells ( Figure 4B ). Therefore, it is possible that responses stimulated by S typhimurium other than those dependent on TLR receptors may also influence its ability to suppress CD4 ϩ CD25 ϩ Treg cells. For example, S typhimurium is capable of inducing a significant reprogramming of gene expression in infected cells in a manner that is dependent on the function of its type III secretion systems. 43 More studies will be required to investigate this possibility.
Disrupting GITR signaling using anti-GITRL blocking antibody also decreased the capacity of S typhimurium to overcome the suppressive activity of CD4 ϩ CD25 ϩ Treg cells ( Figure 4A ). As previously reported for virus infections and TLR signaling, 27, 40 we observed that GITRL expression on APCs was up-regulated after S typhimurium infection ( Figure 4C ). It was shown using GITR knockout mice that T cell-mediated suppression is abrogated by GITR engagement on CD4 ϩ CD25 Ϫ effector T cells, but not CD4 ϩ CD25 ϩ Treg cells as originally thought. [26] [27] [28] It is plausible that S typhimurium-induced GITRL on APCs engages with GITR on activated effector T cells and makes them resistant to suppression by CD4 ϩ CD25 ϩ Treg cells. This hypothesis is supported by the following data: (1) S typhimurium-induced CD4 ϩ Th1 cells were able to proliferate in the presence of activated CD4 ϩ CD25 ϩ Treg cells ( Figure 5B) ; (2) GITR expression was maintained in S typhimurium-induced CD4 ϩ Th1 cells, but not peptide-induced CD4 ϩ Th1 cells ( Figure 5A ); and (3) addition of GITRL-Fc had a partial effect on the induction of NY-ESO-1 peptide-specific Th1 response in the presence of Treg cells ( Figure 4B) . Recently, it has been reported that flagellin, a TLR5 ligand present in Salmonella, can directly enhance the suppressive capacity of CD4 ϩ CD25 ϩ Treg cells, but has an opposite indirect effect in the presence of APCs, where it overrides suppression. 44, 45 In our study, while a direct effect of S typhimurium on Treg cells cannot be excluded, a mechanism for overcoming suppressive activity is more likely to be the engagement of GITR on responder effector cells rather than on CD4 ϩ CD25 ϩ Treg cells themselves, because addition of blocking anti-GITRL antibody did not enhance the suppressive activity of CD4 ϩ CD25 ϩ Treg cells for peptide-induced CD4 ϩ Th1 cells ( Figure 5B) .
Although both anti-IL-6 and anti-GITRL antibodies blocked the capacity of S typhimurium to inhibit the suppressive activity of CD4 ϩ CD25 ϩ Treg cells, these molecules seem to exploit different mechanisms, since (1) addition of both anti-IL-6 and anti-GITRL antibodies worked together to completely abrogate the effect of S typhimurium ( Figure 4A ), and (2) addition of an agonistic GITRL fusion molecule was able to elicit NY-ESO-1-specific Th1 cells from whole CD4 ϩ T cells without the need for depletion of CD4 ϩ CD25 ϩ Treg cells, whereas addition of IL-6 alone could not ( Figure 4C ). Furthermore, in the restimulation phase, enhanced GITR expression was observed on Treg cell-resistant S typhimuriuminduced CD4 ϩ Th1 cells, but not on Treg cell-sensitive peptideinduced CD4 ϩ Th1 cells, and GITR signal alone was sufficient to overcome the suppressive activity of CD4 ϩ CD25 ϩ Treg cells ( Figure 5 ). The question remains whether anti-IL-6 or anti-GITRL antibody treatment affects the inhibition of Th1 induction differently in healthy volunteers and in patients with melanoma. It is possible that a difference exists between individuals or between healthy individuals and patients with cancer in the sensitivity of their Treg cells to IL-6 and/or GITRL. Taken together, it is considered that IL-6 and GITR signaling synergistically act to overcome suppression by CD4 ϩ CD25 ϩ Treg cells in the priming phase and to make effector cells resistant to CD4 ϩ CD25 ϩ Treg cells. In the restimulation phase, GITR signaling is sufficient to block the suppressive activity of CD4 ϩ CD25 ϩ Treg cells.
We show here an additional potential of the GITR-GITRL signal as a critical molecules for Treg cell resistance. The costimulatory activity of the GITR-GITRL signal is still under debate. It has recently been reported that several human tumor cell lines express substantial levels of GITRL, and that this constitutive expression diminishes natural killer (NK)-cell activity against tumor cells. 46 On the other hand, it was also shown that plasmacytoid DCs activated with CpG promote NK-cell activity through GITRL. 47 Several reports propose that costimulatory or inhibitory effects are dependent on strength of antigen stimulation, type of target cells (CD4 ϩ or CD8 ϩ T cells), or sum of other costimulatory signals. [48] [49] [50] The cell types expressing GITRL may also be a critical factor. Further studies appear necessary for clinical application of this molecule.
Our strategy to overcome the suppressive function of CD4 ϩ CD25 ϩ Treg cells using S typhimurium has an advantage compared with other methods, such as eliminating CD4 ϩ CD25 ϩ Treg cells. It has been reported that down-regulation of CD4 ϩ CD25 ϩ Treg cell activity and blocking of nonspecific suppressive mechanisms are accompanied by autoimmune diseases. 6,51,52 Since S typhimurium-induced Treg cell-resistant Th1 cells are directed to a tumor antigen not expressed in normal somatic tissues, occurrence of autoimmune diseases is less likely. We propose that S typhimurium is a promising cancer vaccine platform for specific immunotherapy that could surmount the obstacle of CD4 ϩ CD25 ϩ Treg cell activity.
